Golgi-localized nucleotide sugar transporters (NSTs) are considered essential for the biosynthesis of wall polysaccharides and glycoproteins based on their characteristic transport of a large number of nucleotide sugars to the Golgi lumen. The lack of NST mutants in plants has prevented evaluation of this hypothesis in plants. A previously undescribed Golgi NST mutant, brittle culm14 (bc14), displays reduced mechanical strength caused by decreased cellulose content and altered wall structure, and exhibits abnormalities in plant development. Map-based cloning revealed that all of the observed mutant phenotypes result from a missense mutation in a putative NST gene, Oryza sativa Nucleotide Sugar Transporter1 (OsNST1). OsNST1 was identified as a Golgi-localized transporter by analysis of a fluorescence-tagged OsNST1 expressed in rice protoplast cells and demonstration of UDP-glucose transport activity via uptake assays in yeast. Compositional sugar analyses in total and fractionated wall residues of wild-type and bc14 culms showed a deficiency in the synthesis of glucoconjugated polysaccharides in bc14, indicating that OsNST1 supplies the glucosyl substrate for the formation of matrix polysaccharides, and thereby modulates cellulose biosynthesis. OsNST1 is ubiquitously expressed, with high expression in mechanical tissues. The inferior mechanical strength and abnormal development of bc14 plants suggest that OsNST1 has pleiotropic effects on cell wall biosynthesis and plant growth. Identification of OsNST1 has improved our understanding of how cell wall polysaccharide synthesis is regulated by Golgi NSTs in plants.
Golgi-localized nucleotide sugar transporters (NSTs) are considered essential for the biosynthesis of wall polysaccharides and glycoproteins based on their characteristic transport of a large number of nucleotide sugars to the Golgi lumen. The lack of NST mutants in plants has prevented evaluation of this hypothesis in plants. A previously undescribed Golgi NST mutant, brittle culm14 (bc14), displays reduced mechanical strength caused by decreased cellulose content and altered wall structure, and exhibits abnormalities in plant development. Map-based cloning revealed that all of the observed mutant phenotypes result from a missense mutation in a putative NST gene, Oryza sativa Nucleotide Sugar Transporter1 (OsNST1). OsNST1 was identified as a Golgi-localized transporter by analysis of a fluorescence-tagged OsNST1 expressed in rice protoplast cells and demonstration of UDP-glucose transport activity via uptake assays in yeast. Compositional sugar analyses in total and fractionated wall residues of wild-type and bc14 culms showed a deficiency in the synthesis of glucoconjugated polysaccharides in bc14, indicating that OsNST1 supplies the glucosyl substrate for the formation of matrix polysaccharides, and thereby modulates cellulose biosynthesis. OsNST1 is ubiquitously expressed, with high expression in mechanical tissues. The inferior mechanical strength and abnormal development of bc14 plants suggest that OsNST1 has pleiotropic effects on cell wall biosynthesis and plant growth. Identification of OsNST1 has improved our understanding of how cell wall polysaccharide synthesis is regulated by Golgi NSTs in plants.
UDP-glucose transporter | cell-wall regulation | rice brittleness mutant I n plants, most of the carbon that is fixed by photosynthesis is incorporated into carbohydrates, glycoproteins, and glycolipids, which are predominantly synthesized inside organelles [e.g., the endoplasmic reticulum (ER) and Golgi lumen]. However, the substrates (nucleotide sugars) used in these processes are mainly produced in the cytosol (1) (2) (3) . The use of distinct sites for synthesis of substrates and glycoconjugated products requires mechanisms for the transport of metabolites across biological membranes. Therefore, organisms have evolved nucleotide sugar transporter (NST) proteins encoded by a large gene family for translocation of substrates from the cytoplasm to the Golgi/ER lumen (4, 5) .
NSTs, which are present in all eukaryotes, are composed of 300 to 350 amino acids with 6 to 10 transmembrane domains (TMDs). This important gene family is closely related to triose phosphate translocators (5) . Since the first NST gene was cloned from yeast in 1996 (6), database searches in organisms with known genome sequences have identified a large number of putative NSTs. The Arabidopsis genome contains more than 40 NSTs (7) . Such abundance correlates with the diversity of carbohydrates and the substrate specificity of individual NSTs that generally act as antiporters (8) . The relationship between sequence identity and substrate specificity is weak, probably because the sequence motifs required for substrate recognition in NSTs are not well defined. This lack of knowledge is a significant obstacle to the functional characterization of NSTs (4, 5).
Although many plant genes have features of an NST sequence, few have been functionally characterized. The first biochemical evidence for the existence of NSTs in plants came from activity analyses using pea Golgi vesicles (9) (10) (11) . Later, GONST1 was cloned from Arabidopsis and shown to encode a Golgi-localized GDP-mannose transporter by complementing a yeast mutant, vrg4-2, that is unable to form mannosylated proteins (12) . Four additional proteins, GONST2 through GONST5, were identified as transporters that perform the same activity as GONST1 in Arabidopsis (13). AtUTr1, -2, and -3 are UDP-glucose/UDPgalactose transporters (14) (15) (16) . Ultimately, more UDP-galactose transporters were found (7, 17) , indicating that plants may use multiple substrate channels in the glycosylation processes (18) . However, most of these studies were performed in vitro at the biochemical or molecular level. Our knowledge of the biological functions of NSTs in planta is extremely limited. Recently, AtUTr1 and AtUTr3, which cooperate in transporting UDPglucose into the ER, have been reported to function in late pollen development and embryo sac progression through the characterization of atutr1 atutr3 double mutants (16) .
The plant Golgi apparatus is an important organelle for cell wall matrix polysaccharide and glycoprotein production (19, 20) . At this site, nucleotide sugars are added to specific polysaccharide acceptors by the corresponding glycosyltransferases (GTs). Many studies have revealed the importance of substrate availability in polysaccharide biosynthesis. For example, mur1, which is deficient in the synthesis of GDP-fucose, has a compromised xyloglucan structure because of the lack of a terminal fucose (2, 21) . A mutation in RHM2/MUM4 perturbs the biosynthesis of UDP-rhamnose and decreases the rhamnogalacturonan I contents in the mucilage of mutant plants (22) (23) (24) . NSTs are believed to supply the substrates for Golgi GTs. NSTs are thus a potential key point for the control of wall composition and structure (5) . However, there is currently no evidence to support this hypothesis because Golgi NST mutants have not been reported previously.
The Golgi NST mutant brittle culm14 (bc14) harbors a mutation in Oryza sativa Nucleotide Sugar Transporter1 (OsNST1), which was cloned by a positional cloning approach and found to encode a Golgi-localized NST. OsNST1 was shown to possess UDP-glucose transport activity. A deficiency of glucosyl residues in the matrix polysaccharides of the mutant lends support to this recently defined transport function of OsNST1. In addition, the reduced cellulose content and impaired mechanical strength in bc14 plants suggest the importance of OsNST1 for cell wall biosynthesis. As bc14 is a previously undescribed Golgi NST mutant, our findings provide unique biological evidence for the functions of Golgi NSTs in cell wall formation and plant growth.
Results

Mutant bc14 Has Reduced Mechanical Strength and Abnormal Plant
Growth. The mutant bc14 is one of our series of rice bc mutants that was isolated from a japonica cultivar, NE17. Easily broken culms and leaves are a major phenotype of mature bc14 plants.
As shown in Fig. 1 A and B , the break force of culms and leaves in bc14 was reduced to ∼30% and ∼54% of the wild type, respectively, indicating that bc14 might have impaired cell wall structure or composition. Anatomical analysis of sclerenchyma cells in bc14 and wild-type culms revealed that the wall thickness of those cells was reduced in bc14 ( Fig. S1 A and B) . The cell size and length were not significantly different in the mutant culms (Fig. S1 ). The precise deficiency in sclerenchymatous walls was further analyzed by transmission electron microscopy. In addition to the reduction in wall thickness, bc14 had increased electron-dense materials deposited in the secondary walls ( Fig. 1 E and F). In contrast, the wild-type walls were electron-translucent ( Fig. 1 C and D) . Taken together, these results suggest that the inferior mechanical strength observed in bc14 is the result of the reduced cell wall thickness and abnormal secondary cell wall.
The bc14 mutants showed additional morphological abnormalities, including small stature that resulted from a weak growth tendency observed from the seedling to mature stages ( Fig. S2 A to C), reduced fertility, and small seeds (Fig. S2D) . The reduced seed size in bc14 caused the thousand-seeds-weight, a key unit for crop yield, to decrease by 50% (Fig. S2E) . Therefore, the corresponding wild-type gene also participates in some basic processes of plant growth.
Map-Based Cloning of BC14/OsNST1. We used a map-based cloning approach to identify the gene responsible for the mutant phenotypes of bc14. Using 192 F 2 mutant plants from a population generated by crossing bc14 with Kasalath (a wild-type polymorphic indica variety), the bc14 locus was mapped to an 815-kb region between two simple sequence repeat markers (RM3515 and RM13617) on chromosome 2q ( Fig. 2A) . The gene was further pinpointed within a 57-kb segment with simple sequence repeat markers (Table S1 ). This segment is situated at the ends of two contiguous BAC clones, AP005300 and AP004747. The 57-kb region contains six putative ORFs. After sequencing the six ORFs, a point mutation was found in the Os02g40030 ORF (Rice Genome Annotation Project, http://rice.plantbiology.msu. edu/) or the Os02g0614100 ORF [National Center for Biotechnology Information (NCBI), http://www.ncbi.nlm.nih.gov/] that led to a missense mutation at the 330th amino acid residue. This mutation changes leucine to a proline (Fig. 2B) . The leucine at this position was found to be conserved in seven rice varieties (Fig. S3A) . To identify BC14, an ∼11-kb DNA fragment (pBC14F) that includes the entire ORF was introduced into bc14 mutant plants for a complementation assay (Fig. 2C) . The genetic backgrounds of the transgenic plants were confirmed to be bc14 by the presence of a cleaved amplified polymorphic sequence (Fig. 2D) . All of the transgenic plants had shown a wildtype appearance (Fig. S3 B and C) . The mutant phenotypes, including brittleness (Fig. S3F), wall thickness (Fig. S3 G and H) , and wall compositions (Tables 1 and 2 ), were fully rescued. We therefore concluded that we had cloned the corresponding wildtype gene.
A Pfam search showed that this gene encodes a protein belonging to the triose phosphate translocator family (pfam03151) with an E-value of 5.8e-11. BC14 was defined as a putative NST by a search in the Conserved Domain Database of NCBI. Its fulllength cDNA spans 1,438 nt, with a coding sequence (CDS) of 1,041 nt, as determined by the Knowledge-based Oryza Molecular Biological Encyclopedia (http://cdna01.dna.affrc.go.jp/cDNA/). The deduced BC14 protein has 346 amino acids and eight TMDs (Fig. S4) , which is consistent with the common features of NSTs (i.e., 300-350 amino acids in length and 6-10 TMDs). We also fused the CDS of BC14 to FLAG and polyhistidine tags and transformed the bc14 mutant plants with the resulting construct (Fig. 2C) . The completely rescued mutant phenotypes indicate that this CDS is functional (Fig. S3 D and I) . A BLASTP search in the NCBI identified several BC14 homologs in plants (∼60% sequence identity) and animals (∼30% sequence identity). Given that phylogenetic analysis can provide information about a gene's evolution or function, a few activity-identified plant NSTs were selected to build an unrooted tree with BC14 and its homologs. BC14 was joined together with its homologs, including some activity-known animal NSTs, but it was separated into a different clade from the activity-identified plant NSTs (Fig. S5A) , suggesting that BC14 is a putative NST and that its activity or evolution route may be different from that of the identified plant NSTs. BC14 was thus named Oryza sativa Nucleotide Sugar Transporter1 (OsNST1). Moreover, the point mutation of OsNST1 occurs at the end of the last putative transmembrane domain (Fig. S4) . We analyzed the residue of this site in OsNST1 and its homologs from different plants and animals and found that an amino acid residue with a bulky hydrophobic side chain was present in each instance (Fig. S5B) , suggesting that this type of side chain is important for the function of these NSTs.
OsNST1 Is Golgi-Localized and Transports UDP-Glucose. The subcellular localization of NSTs is highly associated with their biological function. No signal peptide was identified in OsNST1 by either the TargetP or the SignalP prediction servers, but OsNST1 was predicted to be a nonclassic, secreted protein by SecretomeP (http://www.cbs.dtu.dk/services/). To ascertain its subcellular location, we fused the GFP to the C terminus of OsNST1 and coexpressed this fusion protein with red fluorescent proteintagged Golgi marker (sialytransferase-RFP) in rice protoplast cells. The OsNST1 fusion showed a dot-like pattern, which was identical to the RFP signals of this Golgi marker (Fig.  3A) . A similar colocalization pattern was detected by coexpressing N-terminal GFP tagged OsNST1 with another Golgi marker, Man49-mCherry, in rice protoplast cells (Fig. S6) . These data suggest that OsNST1 is a Golgi-localized protein.
Next, we sought to determine the substrates that are transported by OsNST1. Yeast mutant complementation assays were carried out in three yeast NST mutants: Δyea4 [UDP-GlcNAc transporter mutant (25) ], vrg4-2 [GDP-mannose transporter mutant (26) ], and Δhut1 [UDP-galactose transporter mutant (27) ]. Expressing OsNST1 in the three yeast NST mutants, respectively (Fig. S7A) , OsNST1 did not noticeably rescue the growth of all of the mutant strains to a wild-type level in the pharmaceutical assay (Fig. S8) . We further performed uptake assays in yeast bearing the inducible pYES2 vector. The Golgirich vesicle fractions prepared from yeasts expressing His/Flag- The mounts of monosaccharides are as determined by GC-MS analysis of trimethylsilane derivatives. Cellulose is as determined by Updegraff quantification after TFA hydrolysis. *Significantly different (t test at P < 0.05) compared with wild type (n = 4) ± SD. OsNST1 or the empty vector (control) were used in the uptake assay (Fig. S7B) . Vesicle preparations from individual transformed yeast were found to be up to 95% latent (Table S2 ), indicating that most of these vesicles had the proper membrane topographical orientation and were suitable for the transport assay. After incubation with several isotope-labeled nucleotide sugars, the abundance of UDP-glucose incorporated into the yeast fraction expressing OsNST1 was nearly twofold greater than that of the control (Fig. 3B) . With the exception of an approximate 42% greater uptake activity for UDP-galactose, the activities for other substrates were indistinguishable from those of the control (Fig. 3B) . Moreover, the uptake of radiolabeled UDP-glucose was greatly inhibited when the unlabeled UDPglucose concentrations exceeded 10 μM (Fig. 3C) . Such great inhibition was not observed in the presence of excess unlabeled UDP-xylose or UDP-galactose (Fig. 3C) . These data indicate that OsNST1 transports UDP-glucose.
Mutation in OsNST1 Causes a Deficiency in the Synthesis of
Glucoconjugated Polysaccharides and Cellulose. Given the evidence indicating that OsNST1 transports UDP-glucose, a deficiency should be detected in cell wall residues of bc14 culms. We examined the wall composition of bc14 and wild-type culms by GC-MS analyses. The contents of glucose and cellulose were decreased by ∼31% and ∼37% in bc14, respectively, whereas the remaining monosaccharides were significantly increased in bc14 (Table 1) . To determine whether the glucose deficiency could be ascribed to a specific wall polymer, we solubilized the wall residues into pectic and hemicellulosic fractions and determined the monosaccharide compositions. Interestingly, the reduction in glucose content was found in all fractions ( Table 2 ), indicating that glucoconjugated polysaccharide synthesis is widely impaired in bc14. The levels of xylose and arabinose, the two major sugars of arabinoxylan, as well as galactose and mannose, were significantly higher in the 1 N KOH fraction of bc14 (Table 2) .
These data indicate that mutation in OsNST1 causes a decrease in the glucose content of glucoconjugated polymers and cellulose, providing direct support for its role in transporting UDP-glucose.
OsNST1 Is Broadly Expressed. The expression pattern of OsNST1 at the cellular level was investigated by RNA in situ hybridization. Expression signals were detected in the vascular bundles of leaves and leaf sheaths (Fig. 4A ) and young stems (Fig. 4B ), in agreement with the inferior mechanical properties described above for bc14 mutants. To investigate its expression at the protein level, the GUS gene was inserted into the OsNST1 ORF, just before the stop codon (BC14-GUS), and this construct (pBC14GUS) (Fig. 2C ) was introduced into bc14 mutant plants. The fully rescued mutant phenotypes of the resulting transgenic plants indicate that BC14-GUS retains the function of native OsNST1 protein (Fig. S3 E and J) . Consistent with the expression pattern described above, GUS staining signals were observed in the sclerenchyma cells (Fig. 4C ) and vascular bundles (Fig. 4 C and D (Fig. 4E) , leaves (Fig. 4F), leaf lamina (Fig. 4G) , and veins of primary and lateral roots (Fig. 4 H and I) . Therefore, OsNST1 was found to be expressed in many organs.
Discussion
NSTs form a large family of proteins that are represented in all plants; however, only a few members have been characterized, and most studies have been carried out in vitro at the biochemical level (12) (13) (14) (15) (16) ). An important function of NSTs is to supply substrates for GTs in the synthesis of wall matrix polysaccharides and glycoproteins. Without available mutants, the effects of NSTs on cell wall formation had remained unclear. Here, we provide genetic and biochemical evidence for the function of a Golgi NST in the regulation of cell wall biosynthesis and plant growth through characterization of the bc14 mutant and its corresponding gene.
OsNST1 was cloned by a map-based cloning approach and encodes a hydrophobic protein composed of 346 amino acids with eight TMDs that was identified as a putative NST. Further studies verified that OsNST1 is targeted to the Golgi apparatus and that it transports UDP-glucose. In plants, a few UDPglucose transporters have been reported, but they perform diverse functions. This functional discrepancy depends on the target organelle and their mechanistic role. AtUTr1 and AtUTr3, which transport UDP-glucose into the ER lumen, affect protein folding and pollen and embryo sac development (16) . Although AtUTr3 also localizes to the Golgi apparatus, it is considered a short-time resident; ER localization is its steady-state pattern (16) . A bacterial-type ABC transporter formed by STAR1 and STAR2 also transports UDP-glucose and contributes to aluminum tolerance in rice plants, but this transporter is localized in an unknown vesicular compartment (28) . OsNST1, which was identified here, resides in the Golgi apparatus and has the same transport activity according to our in vitro biochemical assay. Cell wall compositional analyses indicate that it is involved in glucoconjugated polysaccharide synthesis.
Although the uptake assay clearly revealed that OsNST1 transports UDP-glucose, the in vitro transport assay showed weak uptake activity for UDP-galactose. The amount of inhibition of UDP-glucose uptake by UDP-galactose was between that observed for UDP-glucose, which is transported by OsNST1, and UDP-xylose, which is not transported by OsNST1. These results indicate that OsNST1 is possibly involved in transporting UDP-galactose. Several UDP-galactose transporters have been identified in plants (7, 14, 15, 17) . AtUTr1 has both UDPgalactose and UDP-glucose transport activity (14) . We suggest that the main function of OsNST1 is to transport UDP-glucose because its weak UDP-galactose transport activity seems insufficient to complement the growth of the yeast mutant, Δhut1, which is deficient in a UDP-galactose transporter. This hypothesis was further supported by the increase of galactose in bc14 wall residues. Given that plants have more than one transporter participating in UDP-galactose supply (7, 14, 15, 17) , it seems that the increased amount of galactose observed in bc14 mutant walls results from the activity of these UDP-galactose transporters. It is also possible that the weak activity of OsNST1 in the transport of UDP-galactose is an artifact of the in vitro experiment because the structures of UDP-glucose and UDP-galactose are similar or because of other unknown reasons. Importantly, this activity was not supported by the yeast mutant complementation assay or the wall compositional analyses.
NST mutants are quite important for the evaluation of NST functions in vivo. GONST1, a GDP-mannose transporter, was the first Golgi-localized NST reported in plants (12) . However, without a relevant mutant, its effect on glycoconjugates remains unclear. Thus, bc14 harbors a missense mutation in OsNST1 that had provided us with a tremendous opportunity to investigate the intrinsic functions of a Golgi NST in cell wall biosynthesis and plant development. NSTs generally work together with themselves or with GTs. An interesting question should be addressed in future is whether the replacement of leucine by a proline, the most rigid amino acid, in bc14 interferes with its transport activity or the interactions with other proteins. Consistent with the transport activity of OsNST1, the wall compositional analyses of total and fractionated wall residues revealed a glucose deficiency in bc14. Although the glucose value analyzed here cannot be completely interpreted as noncellulosic glucose, many glucosyl residues were derived from matrix polysaccharides, as indicated by the fractionation composition assay. Therefore, as a Golgi localized transporter, OsNST1 appears to form an important channel for the supply of UDP-glucose to the Golgi lumen during the synthesis of glucoconjugated polysaccharides. Glycan synthesis is an ordered process in the Golgi apparatus (19) . OsNST1 may supply UDP-glucose for several GTs because glucosyl residues are common in many matrix polysaccharides (19) . This finding was further substantiated by the decreased glucose content observed in several wall polymers of the mutant plants and the expression pattern of OsNST1. The reduced cellulose content is another important defect resulting from the bc14 mutation. Cellulose biosynthesis occurs in the plasma membrane using cytosolic UDP-glucose as a substrate (29) . Therefore, the reduction of cellulose abundance in bc14 may be an indirect effect caused by the inferior synthesis of glucoconjugated matrix polysaccharides. Many studies have revealed that a deficiency in the synthesis of matrix polysaccharides or glycoproteins often results in aberrant assembly of nascent cellulose microfibrils, which could, in turn, impede cellulose synthesis (30) (31) (32) (33) (34) . Another possibility to explain the reduced cellulose content in bc14 might be that OsNST1 is required for the synthesis of unique oligosaccharide sequences that may serve as primer for cellulose formation (35) . However, this hypothesis should be backed up in further studies. In mutant plants, the reduced cellulose content was accompanied by the increases in the content of other cell wall components, including nonglucosidic neutral sugars and uronic acids. All of these changes cause abnormal wall structure and reduced mechanical strength in rice plants. As shown by several abnormal growth and developmental phenotypes, OsNST1 has pleiotropic effects on cell wall structure and plant development, suggesting its important roles in the monocot plant, rice.
Materials and Methods
Details of the plant material, growth conditions, testing of the breaking force of culms and leaves, microscopy, and bioinformatics are described in SI Materials and Methods.
Map-Based Cloning. The bc14 locus was mapped and cloned using 192 mutant F 2 plants obtained from the mapping population with the molecular markers listed in Table S1 . The complementation assays were performed as described in the SI Materials and Methods. Subcellular Localization and Transport Assay. Cotransformation was performed in rice protoplasts as previously described (33) (see SI Materials and Methods). The complementation assay of yeast NST mutants, latency determination of yeast Golgi vesicles, and nucleotide sugar uptake and competitive assays in yeast are described in SI Materials and Methods.
Chemical Analysis of Wall Composition. The second internodes of wild-type and mutant plants were used to prepare destarched alcohol insoluble residues (AIRs) of cell walls (33) . The alditol acetate and trimethylsilane derivatives were prepared from AIRs (36) , and then analyzed by GC-MS to measure the neutral sugars and uronic acids (for details, see SI Materials and Methods). Sequential fractionation of the destarched AIR and the analysis of monosaccharide composition were carried out as described in SI Materials and Methods. Crystalline cellulose was measured with a modified Updegraff
